Insulin stimulates Na+ transport across frog skin, toad urinary bladder, and the distal renal nephron. This stimulation reflects an increase in apical membrane Na+ permeability and a stimulation of the basolateral membrane Na,K-exchange pump. Considerable indirect evidence has suggested that the apical natriferic effect of insulin is mediated by activation of protein kinase C. However, no direct information has been available documenting that insulin and protein kinase C indeed share a common pathway in stimulating Na+ transport across frog skin. In the present work, we have studied the interaction of insulin and phorbol 12-myristate 13-acetate (PMA), a documented activator of protein kinase C. Preincubation of skins with 1,2-dioctanoylglycerol, another activator of protein kinase C, increases baseline Na+ transport and reduces the subsequent natriferic response to PMA. Preincubation with PMA markedly reduces the subsequent natriferic action of insulin. This effect does not appear to primarily reflect PMA-induced internalization of insulin receptors. The insulin receptors are localized on the basolateral surface of frog skin, but the application of PMA to this surface is much less effective than mucosal treatment in reducing the response to insulin. Preincubation with D-sphingosine, an inhibitor of protein kinase C, also reduces the natriferic action of insulin. The current results provide documentation that insulin and protein kinase C share a common pathway in stimulating Na+ transport across frog skin. The data are consistent with the concept that the natriferic effect of insulin on frog skin is, at least in part, mediated by activation of protein kinase C.
port and reduces the subsequent natriferic response to PMA. Preincubation with PMA markedly reduces the subsequent natriferic action of insulin. This effect does not appear to primarily reflect PMA-induced internalization of insulin receptors. The insulin receptors are localized on the basolateral surface of frog skin, but the application of PMA to this surface is much less effective than mucosal treatment in reducing the response to insulin. Preincubation with D-sphingosine, an inhibitor of protein kinase C, also reduces the natriferic action of insulin. The current results provide documentation that insulin and protein kinase C share a common pathway in stimulating Na+ transport across frog skin. The data are consistent with the concept that the natriferic effect of insulin on frog skin is, at least in part, mediated by activation of protein kinase C.
In addition to its well-characterized effects on carbohydrate, lipid, and protein metabolism, insulin exerts a number of actions on electrolyte transfer (1). Insulin plays a major role in regulating the distribution of K+ between the extra-and intracellular fluids and also stimulates Na+ transport across the distal nephron (2, 3), frog skin (4), and toad urinary bladder (5) . These electrolyte effects are likely triggered by specific binding of hormone to insulin receptors at the basolateral membrane, since stimulation ofNa+ transport can be observed at concentrations at least as low as 0.5-0.7 nM (2, 6) . The hormonal actions on electrolyte transport can be dissociated from those on glucose and amino acid transport (7) (8) (9) .
Insulin exerts its natriferic effect on frog skin by at least two mechanisms, a direct stimulation of the Na,K-exchange pump (10, 11) and an increase in the apical Na+ permeability (12, 13) . The intracellular mediators are unknown. Much information now suggests that many of the transport-unrelated hormonal effects may be mediated by a small glycophospholipid (14, 15) . Other effects of insulin may be mediated by the intracellular alkaline shift resulting from hormonal stimulation of Na/H exchange through a membrane antiport (16 (18, 19) (120.0 mM Na+/3.5 mM K+/1.0 mM Ca2"/118.0 mM Cl-/2.5 mM HCO-/10.0 mM Hepes, osmolality 240 mosmollkg, pH 7.6) .
The tissues were mounted between the two halves of a Lucite double chamber. Simultaneous control and experimental measurements were performed on the same tissue by studying two adjoining (0.79 cm2) areas of skin. The transepithelial electrical potential [serosal (inner) with respect to mucosal (outer) surface] was voltage clamped to 0 mV except for 5-sec intervals during which the transepithelial electrical potential was clamped at 10 mV. The transepithelial current was continuously recorded with a dual-pen recorder. The value of transepithelial current necessary to clamp transepithelial electrical potential at 0 mV is termed the short circuit current (ISC) and is equal to the net transport of Na+ across this tissue (20) . The transepithelial slope conductance was measured as the ratio of the deflection of the transepithelial current to the 10-mV step in voltage.
Chemicals. Phorbol 12-myristate 13- Data Presentation. Unless otherwise stated, the data are presented as means + SEM. The probability (P) of the null hypothesis has been calculated using Student's t test.
RESULTS
Interaction of PMA and (Oco)2Gro. Fig. 1A The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (17) .
In quantifying the results of records such as those of Fig.  1 , we have measured the increment in 'sc as the peak response minus the baseline value. When the current was unchanging at the time of the experimental perturbation (Fig.  LA) , the baseline was simply taken to be the Isc just before the experimental change. When the current was falling (Fig.   1B) ,uA/cm2 (79 ± 28%), whereas that of experimental [(Oco)2Gro-pretreated] areas rose by 18 ± 9 /LA/cm2 (53 + 14%). The paired difference was -9 ± 5 uA/cm2 (-26 16%). The large SEM reflected the broad range in tissue responsiveness to PMA in this series of tissues, increasing by 7-63 ILA/cm2 (36-187%) . However, in each case, the prior exposure to (Oco)2Gro reduced the percentage increase in current subsequently elicited by PMA; therefore, even by the nonparametric coin test, the probability (P) of the null hypothesis was (0.5)5 < 0.05. Thus, activation of protein kinase C by applying (Oco)2Gro to frog skin reduced the subsequent natriferic response to PMA by -30%. This observation confirms the expectation that the sequential addition of supramaximal concentrations of two different activators of protein kinase C results in a less than additive stimulation of Na' transport across frog skin.
Interaction of Insulin and PMA. In a series of nine experiments, 160 nM PMA was introduced into the mucosal and serosal solutions bathing the experimental area, increasing Adjoining areas of the same skin were exposed to 160 nM PMA. One tissue area was treated with mucosal PMA, while the adjoining area was exposed to serosal PMA. To the reservoirs not receiving PMA, an equal volume of ethanol solvent was added. As in the case of the experiments in Table 1 , thereafter, both tissue areas were sequentially treated with 3 j.M serosal insulin and vasopressin (VP) at 100 milliunits/ml.
Isc by 21 + 4 AuA/cm2 (95 ± 21%) ( Table 1 and Fig. 1 ).
Addition of ethanol solvent to the control area produced a negligible response. The paired difference was 21 + 4 pA/cm2 (93 + 20%).
The pretreatment with PMA had a dramatic effect on the subsequent responsiveness of the tissue to insulin added at the time of the peak PMA action. The ISc continued to decline after hormonal addition, displaying little response to insulin. The hormonal effect was also found to be reduced if addition of insulin was delayed until the current reached a new, steady baseline value (unpublished data). In the present study, insulin increased the ISC of the control (PMA-untreated area) by 9 + 3 uA/cm2 (33 + 10%o), and by only 3 + 2 gA/cm2 (12 ± 5%) after exposure to PMA. The paired difference in the response of net Na+ transport to insulin was -6 ± 2 ILA/cm2 (-21 ± 7%). Thus, prior exposure to PMA reduced the natriferic response to insulin by approximately two-thirds.
Vasopressin (100 milliunits/ml) was subsequently added at the time of peak response to insulin, or shortly thereafter. As reported (19, 22) , vasopressin was much more effective in stimulating Na' transport across the tissue area not previously exposed to PMA ( Fig. 1 (23) . In a series of six skins, the experimental area was initially exposed to 100 ,uM D-sphingosine, while the adjoining control area was exposed to identical volumes of ethanol solvent. Both areas were subsequently and sequentially treated with 33-98 nM insulin and vasopressin at 100 milliunits/ml. In each experiment, preincubation with D-sphingosine reduced the later natriferic effect of insulin (Table 3 ). The sphingosine also reduced the response to vasopressin ( Table 3 ), suggesting that the inhibitor decreases cAMP-dependent kinase activity as well. Sidedness of the effect of PMA (TPA) on the tissue's subsequent natriferic response to insulin. PMA (160 nM) was first added to both the mucosal medium bathing the "experimental" area of skin and the serosal medium bathing the adjoining ("control") area; identical volumes of ethanol solvent were simultaneously added to the experimental serosal and control mucosal solutions. Following an initial transient decline, the ISC of the control area (exposed to serosal PMA) increased only slightly, by -8%. In contrast, following exposure to mucosal PMA, the IsC of the experimental skin area markedly increased by 85%. The subsequent addition of 3 ,uM insulin to both serosal reservoirs produced a significant increase in ISC only across the tissue exposed to serosal PMA. As reported (19, 22) , mucosal PMA was also far more effective than serosal PMA in blunting the subsequent natriferic response to vasopressin. Blocking apical Na+ entry with 100 JAM mucosal amiloride abolished the ISC, confirming that the ISC was reflecting net Na+ transport across both tissue areas. -11 ± 4 (P < 0.05) -19 ± 5 (P < 0.02) Sphingosine (100 ,uM) was added to the mucosol and serosal media bathing each of six skins, while equal volumes of ethanol solvent were added to the solutions bathing the adjoining control surfaces. Thereafter, both experimental (exp.) and control (con.) areas were consecutively treated with serosal insulin and vasopressin (VP) at 100 milliunits/ml. In five of the six experiments, the insulin concentration was 33 nM; in the sixth, 98 nM insulin was applied.
DISCUSSION
A number of lines of indirect evidence have led us to suggest that protein kinase C is one mediator of insulin's stimulatory action of Na+ transport across frog skin (17) . (i) Insulin (4) and activators of protein kinase C (17, 19, 22) stimulate Na+ transport across this tissue. (ii) In part, the natriferic action of insulin (12, 13) and protein kinase C activation (17) is expressed by increasing apical Na+ permeability. (iii) In other cells, insulin increases diacylglycerol production by stimulating phospholipase C hydrolysis of a phosphatidylinositol glycan (24, 25) and by activating de novo phosphatidic acid synthesis (26) . (iv) Diacylglycerol can be translocated from one plasma membrane to intracellular membranes (27) and presumably to the contralateral plasma membrane. (v) Diacylglycerol is thought to be a physiological trigger of protein kinase C activity in other cells (28) . (vi) Insulin has been reported to increase protein kinase C activity in BC3H-1 myocytes (29) .
Despite this body of indirect evidence, no direct information has been available to indicate whether insulin and protein kinase C activation share a common pathway in stimulating Na+ transport across frog skin. This question has been addressed in the present study. The effects of sequentially adding (Oco)2Gro and PMA demonstrated that preincubation of the tissue with one activator [(Oco)2Gro] of protein kinase C reduced the ability of a second activator (PMA) to stimulate transepithelial Na+ transport. This documentation provided a rational basis for using transepithelial Na+ transport as a probe for examining the interaction between one known protein kinase C activator (PMA) and a putative aotivator (insulin) of protein kinase C in frog skin. The results indicate that the natriferic response of the hormone is markedly inhibited by preincubation with PMA (Table 1 and Fig. 1) .
In principle, PMA could have reduced the hormonal action by decreasing binding of insulin to its basolateral receptors. This possibility was examined in the present work by studying the sidedness of the effect of PMA. We reasoned that if PMA blocked insulin by either internalizing or downregulating the hormonal receptors, its inhibitory effect should have been greater on the tissue surface containing the receptors. In fact, the PMA was far more effective in blocking the natriferic response of insulin when added to the contralateral mucosal surface (Table 2 and Fig. 2) .
The present data document that insulin and PMA share one or more common steps in stimulating Na+ transport across frog skin. Considered in isolation, this observation could be consistent with a parallel, independent stimulation of a single rate-limiting step by insulin and protein kinase C. However, as summarized above, a causal relationship between changes in external insulin concentration and intracellular protein kinase C has been reported in another tissue (29) . This concept is further strengthened by our observation that preincubation of the protein kinase C inhibitor sphingosine reduces the natriferic action of insulin. We suggest that the most direct interpretation of the published data and current results is that insulin triggers a series of linear events leading to an enhancement of apical Na' permeability and that activation of protein kinase C is one critical step in that cascade of events.
In contrast to the marked stimulation of Na+ transport by protein kinase C activation in intact frog skin, protein kinase C activation of the A6 cell line inhibits amiloride-sensitive ISc (30) . A range of intermediate effects has been noted in preliminary studies of other cells (31) (32) (33) 
